Bovine papillomaviruses (BPV) are DNA oncogenic viruses inducing hyperplastic benign lesions of both cutaneous and mucosal epithelia in cattle. Ten (BPV 1-10) different viral genotypes have been characterised so far. BPV 1-10 are all strictly species-specific but BPV 1/2 may also infect equids inducing fibroblastic tumours. These benign lesions generally regress but may also occasionally persist, leading to a high risk of evolving into cancer, particularly in the presence of environmental carcinogenic co-factors. Among these, bracken fern is the most extensively studied. The synergism between immunosuppressants and carcinogenic principles from bracken fern and the virus has been experimentally demonstrated for both urinary bladder and alimentary canal cancer in cows whose diets were based on this plant. BPV associated tumours have veterinary and agricultural relevance in their own right, although they have also been studied as a relevant model of Human papillomavirus (HPV). Recent insights into BPV biology have paved the way to new fields of speculation on the role of these viruses in neoplastic transformation of cells other than epithelial ones. This review will briefly summarise BPV genome organization, will describe in greater detail the functions of viral oncoproteins, the interaction between the virus and co-carcinogens in tumour development; relevant aspects of immunity and vaccines will also be discussed. cancer / cattle / co-factor / Papillomavirus / viruses * Corresponding author: borzacch@unina.it hyperproliferative lesions of both mucosal and cutaneous epithelia [62, 130, 131] .
INTRODUCTION
Bovine papillomaviruses (BPV) belong to the Papillomavirus (PV) genus. These are small DNA viruses infecting humans as well as many domestic and wild animal species, including birds, causing benign BPV infections usually regress, but may occasionally evolve into cancer of both epithelial and mesenchymal origin. Healthy cattle normally recover from papillomas, but in animals grazing on bracken fern (Pteridium aquilinum), there is a good correlation between persistent papillomatosis and cancer [23, 66] . Cattle feeding on bracken fern develop upper alimentary canal and urinary bladder cancers, the former being associated with the presence of the BPV-4 and the latter with BPV-2.
BPV induces diseases of considerable veterinary importance in farm animals, but has also an enormous value as an in vivo model for HPV. In fact, due to the high speciesspecificity of Papillomaviruses, virologists have used BPV as a model for the study of HPV infection, its interaction with the host and with environmental co-factors.
THE VIRUS: STRUCTURE, GENOME AND CONTROL OF TRANSCRIPTION
Ten BPV types (BPV 1-10) have been characterised and associated with different histopathological lesions. The different genotypes have been classified into three genera [47] :
Xipapillomaviruses encompassing the pure epitheliotropic BPV-3; BPV-4 and BPV-6; Deltapapillomaviruses encompassing BPV-1 and BPV-2, associated with fibropapillomas (i.e. benign tumours of both the epithelium and underlying derma) and Epsilonpapillomavirus comprising BPV-5 whose genome seems to share similarities with the former two BPV groups. In addition, sixteen novel putative BPV have been characterised by sequence determination of the highly conserved L1 region and by phylogenetic analysis [6] . Two novel BPV were characterised further and the phylogenetic analysis showed that both viruses were new BPV types: one was designated as BPV-7 and classified as a member of a new PV genus, and the other was designated as BPV-8 and classified as a member of the Epsilonpapillomavirus genus [95, 134] .
Recently, Hamata et al. [59] identified two new BPV types belonging to the genus Xipapillomavirus designed as BPV-9 and BPV-10.
The BPV virion is a non-enveloped icosahedral structure of 55-60 nm diameter which forms paracrystalline particles in the nuclei of infected cells; it contains a double-stranded covalentely closed circular DNA of approximately 8000 nucleotides complexed with cellular histones.
The structure of the virion has been recently described with an atomic model showing the L1 protein to be exposed on the viral surface, thus suggesting to have a role in infection and in immunogenicity [87] . Three different regions compose the genome: the long control region (LCR) containing the elements necessary for replication and transcription of the viral DNA, and two regions containing open reading frames (ORF) corresponding to early and late genes. The early genes encode for proteins involved in both viral DNA replication and transcription and cell transformation; the late genes encode for capsid proteins. The genomes of BPV-3, BPV-4 and BPV-6 lack the E6 ORF-which has been replaced by the E5 (originally defined as E8), whereas, similarly to most PV types, BPV-1, BPV-2 and BPV-5 still retain this gene. LCR is a non-coding genome region of approximatively 500-1000 nucleotides (nt) between the 3'-end of the late ORF and the 5'-end of the early ORF. LCR contains all the regulatory signals for both viral DNA replication and transcription. The LCR of BPV-1, BPV-2 and BPV-5 has twelve E2 binding sites, whereas four E2 binding sites are recognised in BPV-3, BPV-4 and BPV-6 LCR. The binding of the E2(2) and E2(3) sites with E2 proteins induces transcriptional repression, whereas the binding of the E2(1) and dE2 sites results in transcriptional activation. In addition, the binding of E2(1) with E2(2) is more stable than complexes formed by the E2(3) and E2(4) sites [64] . However, the BPV-4 LCR has multiple positive and negative regulatory elements able to act independently of E2. Among these, the best characterised cellular transcription factor is PEBP2, which binds to the E2(2) site [64] .
While the E1 protein functions in viral DNA replication [76] , E2 binding to LCR activates or represses transcription of the viral genes. Another relevant function of E2 is its ability to segregate episomal BPV genomes to daughter cells, following cell division, by tethering them to mitotic chromosomes, thus ensuring equal distribution and retention of viral DNA [12] . The BPV-1 E2 protein associates with mitotic chromatin via the aminoterminal domain of the protein and once bound is able to interact with the viral genomes via the carboxyl terminus dimerisation and DNA binding domain [1, 63, 78, 125] . For the association of the E2 with mitotic chromatin, the phosphorylation status of the E2 protein is not required [11] , and it is likely that the cellular protein Brd4, is responsible for the interaction of E2 with the mitotic chromosomes [141] . It contains different domains and the one responsible for interaction with E2 has been identified [143] .
The E4 ORF encodes for small proteins which are very abundant only in the cytoplasm of keratinocytes supporting the productive phase of viral DNA replication [5] . Many groups have found that E4 is associated with the cytokeratins both in cell lines and in natural infections. In some cases, the association results in reorganisation of the cytoskeleton. Whether this interaction may help the replication of the virus in vivo is still to be clarified [49, 108] .
VIRAL ONCOPROTEINS

E5
Papillomavirus E5 proteins are short hydrophobic polypeptides (from 42 aminoacid residues in BPV-4 to 83 residues in Human papillomavirus type 16 (HPV-16)), many of which have transforming activity. E5 from different PV have a common structure with an -helical configuration with one trans-membrane span for BPV E5 [133] .
The BPV-1 E5 oncogene encodes for a 44-amino acid protein, i.e., the major BPV transforming oncoprotein. It is a type II transmembrane protein expressed in the deep layers of the infected epithelia [5, 25, 139] and is largely localised in the membranes of the endoplasmic reticulum (ER) and the Golgi apparatus (GA) of the host cells; occasionally, when overexpressed in cell cultures, it is also found in plasma membranes [24, 100] . In naturally infected tissues, BPV E5 is expressed in the cytoplasm of both basal and suprabasal transformed epithelial cells with a typical juxtanuclear pattern due to its localisation in the GA (Fig. 1 ). High amounts of the protein may be observed in the differentiated keratinocytes of skin warts, where it shows a granular staining pattern associated with the sites of viral capsid synthesis [25] . It may also be expressed in neoplastic cells of mesenchymal origin such as those of endothelial origin [22] . BPV E5 has no intrinsic enzymatic activity and its transformation is related to the activation of several kinases, from growth factor receptors to cdk cyclins. It induces morphologic and tumourigenic transformation in rodent and human fibroblasts [116, 117] , increases focus formation in NIH3T3 cells when co-expressed with receptor protein tyrosine kinases (PTK receptors) [83] , and promotes DNA synthesis in quiescent fibroblasts [119] . The E5 proteins of both BPV and HPV bind a 16 kDa cellular protein. The 16 kDa protein is a multifunctional protein with four transmembrane domains: as 'ductin', it is a component of the connexon, the channel that allows intercellular communication through gap junctions responsible for homeostasis; as 'subunit c', it is a component of the V0 sector of the vacuolar H + -ATPase (V-ATPase) which in mammalian cells and in yeast is responsible for the acidification of the endomembrane compartments [43, 56] . In cells expressing HPV E5, gap junction intercellular communication is inhibited [51, 94] possibly due to the interaction between E5 and 16 kDa. It is likely that the down-regulation of the gap junction by E5 makes the transformed cells refractory to growth inhibitory signals from neighbouring cells. In support of this hypothesis is the closure of cell-cell communication that takes place during tumour progression [61] . As a result of the interaction between BPV E5 and V-ATPase, the acidification of the lumen of the intracellular compartments (endosomes, lysosomes, and GA) is impaired [115] . BPV-4 E5 transformed cells exhibit a swollen and fragmented GA [8] . Moreover, the alkalinisation of GA affects the trafficking of many important growth regulatory proteins on their way to their final destination in the cell. Thus, the ability of E5 to perturb the pH of intracellular organelles may influence the activity of many proteins and contribute to cell transformation. An important consequence of E5 mediated impaired acidification is the down-regulation (both in vivo and in vitro) of Major Histocompatibility Complex class I (MHC-I) expression, representing one of the mechanisms by which BPV evades the host's immunoresponse [9] . Down-regulation of MHC-I takes place at multiple levels: the transcription of the gene is reduced, the MHC-I heavy chain peptide is degraded [9] and the MHC-I complex is sequestered in the GA cisternae and prevented from reaching the cell surface [81] . The molecular mechanism by which BPV-1 E5 induces cell transformation lies in its binding to, and activation of, the cellular receptor for the platelet-derived growth factor (PDGF ) [48] . The viral oncoprotein and the receptor form stable complexes, in which the two proteins are in opposite orientation and E5 interacts with the transmembrane and juxtamembrane domains of the PDGF-R [41, 50, 103, 128] . The activation of endogenous PDGF receptors is characterised by the formation of stable complexes, persistent tyrosine phosphorylation of the receptor, its dimerisation and cellular transformation. Interestingly, this interaction also takes place in naturally occurring tumours, confirming the role of the protein complex in cancer development [21] .
In E5 transformed cells there is a constitutive association between the receptor and phospholipase C , phospho-inositol 3-kinase (PI3-K) and ras GTPase activating protein, and SH2 domain-containing cellular proteins, which play essential roles in the response to PDGF [40, 50, 57, 75, 102] . Cell lines lacking endogenous PTK receptors demonstrate that only the PDGF receptor cooperates with E5, and that its activation is required for cell transformation by E5 [50, 90] .
However, certain E5 mutants transform cells without binding to, or activating, PDGF-R. Cells transfected with E5 mutants show elevated PI3-K levels, indicating that E5 can utilise different signalling pathways to activate PI3-K and mediate cell transformation [127, 132] . Conversely there are mutant E5 proteins that complex with the PDGF-R and cause receptor tyrosine phosphorylation, but are incapable of cell transformation [85, 89] .
E5 can also regulate functions related to cyclins and the associated kinases (cdk) affecting the cell cycle. BPV-4 E5 induces increased transcription of the cyclin A gene and elevated expression of cyclin A, accompanied by higher cyclin A-cdk kinase activity. Sustained activation of cyclin A-cdk complex is likely to be responsible for the continued growth of BPV-4 E5 transformed cells in low serum and in suspension [92, 93] .
An effect of BPV-4 E5 transformation is the increase in p27 Kip1 levels, which is a negative regulator of cyclin activity [91] . It has been proposed that BPV-4 E5 induces a coordinated increase in p27 Kip1 and cyclin D1-cdk4, which, together with increased cyclin A-cdk activity, allow continued cell proliferation as well as anchorage independent growth of cultured cells [93, 142] .
E6
The BPV-1 E6 gene of Xi BPV encodes an oncoprotein of 137 amino acids able to transform cells. It interacts with CBP/p300 in the same way as described for the E6 proteins of oncogenic Human papillomaviruses. This interaction inhibits the transcriptional coactivator function of CBP/p300 required by p53 and probably by other transcription factors. The E6-CBP/p300 interaction may be necessary, albeit insufficient, for cell transformation, and the transcriptional activator function inherent to the E6 protein is not derived from forming a complex with CBP/p300 [144] . E6 can transform fibroblasts and induce anchorage-independent growth and disassembly of the actin stress fibers by interacting with the focal adhesion protein, paxillin. E6 disruption of the actin stress fibers occurs by blocking the interaction of paxillin with its cellular effectors, such as vinculin and the focal adhesion kinase [135] . Finally, E6 interacts with AP-1, the TGN (trans-Golgi network)-specific clathrin adaptor complex. Cytosolic BPV-1 E6 is first recruited into the TGN, where it is then recognised by membrane-bound AP-1 and subsequently recruited by TGN-derived clathrin-coated vesicles. This interaction can affect cellular processes involving the clathrinmediated trafficking pathway [136] .
E7
The BPV-1 E7gene encodes a 127 aminoacid zinc binding protein which cooperates with E5 and E6 in inducing cell transformation. In naturally infected cells, BPV-1 E7 expression is observed in both the cytoplasm and nucleoli of cells belonging to the basal and lower spinous layers, whereas BPV-4 E7 expression is observed in all layers of papillomas, at all stages. Once E7 is coexpressed with E5 and E6, its transformation capacity increases many fold [14] ; such co-expression may also occur in tumours of mesenchymal origin [22] . Mutants lacking the E7 open reading frame are still able to induce transformation but at a lower efficiency, and produce transformants with altered characteristics [114] .
BPV-1 E7 transformation function has recently been shown to correlate with its binding to a cellular target p600. E7 mutant proteins impair their ability to bind p600 and are transformation defective. Additionally, knockdown of p600 reduces the transformation of cells expressing BPV-1 E7 [45] . Thus, the transformation activity of E7 is mediated, at least in part, by its ability to bind p600. It has recently been shown that BPV-1 E7 can inhibit anoikis, a type of apoptosis induced upon cell detachment. The inhibition of anoikis partially correlates with the ability to enhance anchorage independence of BPV-1 E6-transformed cells [46] .
LATE PROTEINS
The viral genome also contains the late genes encoding for the major L1 and the minor L2 capsid proteins. The L1 mediates virus binding to the cell surface although it seems that L2 may also play a role in infection. L1 interacts with cell surface heparin sulphate proteoglycans and it is still unclear whether a secondary receptor is also involved [44] .
L2 induces virion assembly by binding to viral DNA. It is detected solely as a nuclear antigen in the differentiated layers, being most abundant in mature papillomas [5] .
NATURAL HISTORY OF BPV INFECTION: PAPILLOMAS AND FIBROPAPILLOMAS
Infection by Delta-PV leads to the transformation of subepithelial fibroblasts, followed by epithelial acanthosis and papillomatosis, infection by Xi-PV induces transformation of the epithelial component only, while Epsilon-PV cause both fibropapillomas and epithelial papillomas. The natural history of BPV infection has been extensively studied in experimental conditions [67] , although the different stages of the disease are likely to be similar to those occurring in the field. Virus replication can only take place in keratinocytes undergoing terminal differentiation to squamous epithelium. It is therefore only seen in the epithelial component of the tumours and only at certain stages of its development. Virus replication has never been found in fibroblasts where the BPV genome is present in a nonintegrated episomal form [67] .
Papillomas and fibropapillomas may occur in different organs in cattle, in which different BPV genotypes are found. Some still unidentified types infect the vulvo-vaginal epithelium and the eyes [52, 59] . BPV-1 causes teat and penile fibropapillomas; BPV-2 is associated to cutaneous warts, alimentary fibropapillomas and urinary bladder tumours; BPV-3 causes cutaneous papillomas [104] ; BPV-4 is associated with pure epithelial papillomas of the upper gastrointestinal (GI) tract; BPV-5 induces rice grain fibropapillomas of the udder; BPV-6, frond papillomas of the teats; BPV-8 causes cutaneous papillomas; BPV-9/10 are associated to epithelial squamous papillomas of the udder. Fibropapillomas and papillomas of teats and udders in cows can become a great economic problem once the papillomas spread along the perineum and the lower part of the body [35] . The spreading may be so extensive that milking becomes difficult or impossible. Distortion of milk ducts and mastitis occur and veals are unable to suckle properly. Macroscopically, a bulging mass of a few centimetres is seen below the skin; this increases its diameter and becomes rough and pendulous until a proper papillomatous feature is reached.
Fibropapillomas occurring both in the prepuce and penis frequently bleed and necrotic areas are present. Fibropapillomas can spread along the perineum and even up toward the back. Since sick animals generally lick the lesions, these spread to the muzzle and mouth. The fibropapillomas can cause loss of reproductive function and may lead animals to slaughter [67] .
BPV-2 induced skin warts are usually seen on the forehead, neck, upper thorax and back, and extensive outbreaks of papillomatosis are seen when young animals are housed. They often rub the skin against different objects so that lesions appear and develop ranging from 2 to 10 centimeters. Widespread cutaneous involvement may occur and inanition can lead the animals to death.
Epithelial papillomas of the upper gastrointestinal (GI) tract can appear in every site from the mouth to the rumen. Histologically, they have the classical features of benign papillomas: they are composed of multiple papillary fronds of varying widths, the surfaces of which are covered with the multiple-layered keratinised epithelium (Fig. 2) . Acanthosis and parakeratosis of the epithelium is also observed and active viral replication takes place during development, resulting in inclusion bodies visible in the nuclei of infected cells [18, 58] .
The gastrointestinal tract may be affected even by fibropapillomas which are mostly seen in the esophagus and rumen as small peduculated masses or white plaque-like lesions.
The development of the BPV induced fibropapilloma has been largely investigated and different stages have been recognised. After one month of latency, the tumour develops as a fibroma alone or plus acanthosis, a fibropapilloma and regressive tumour [67] . Histologically, an active proliferation of anaplastic fibroblasts with large nuclei gives rise to a subcutaneous mass stretching the overlying epithelium. The histologic appearance is that of a benign fibroma in which viral DNA is episomally with neither viral antigens nor virions produced. Subsequentely, proliferation of basal and keratinocyte layers of the epithelium starts and the proliferating epithelium grows downward towards the mesenchymal mass. The granular cell layer of the epithelium increases in thickness, and clear central areas in the nuclei appear. Viral replication takes place in the nuclei and, since the cells develop into more differentiated layers, the viral particles spread from the cells among the keratinised plates. Finally, the tumour is infiltrated by macrophages and lymphocytes as the regression phenomena hence take place. The lifetime of the process has been established in experimental conditions; it lasts about one year from induction to regression. The development of BPV-2 alimentary fibropapillomas lacks the viral replication stage and seems to be most likely an abortive infection with no viral progeny produced. Further studies on naturally occurring cutaneous fibropapillomas have clarified the role of the virus and its oncoproteins in the neoplastic process. In basal layer keratinocytes, E5 is expressed intracytoplasmically at low levels, whereas abundant amounts of oncoprotein are expressed within highly differentiated keratinocytes in close association with sites of viral capsid protein synthesis [25] . Another subsequent study by Bohl et al. (2001) [14] demonstrated that the BPV-1 E7 oncoprotein is expressed in the cytoplasm and nucleoli of both basal and lower spinous epithelial cells of fibropapillomas and is co-expressed with E5 in basal cells. Additionally, E7 cooperates with E5 and E6 in an anchorage independent transformation assay. The role of the virus is then clear: E5 oncogene plays a role in growth transformation as well as in the differentiation-linked process of viral maturation, thus supporting the hypothesis that these cells are maintained in a transformed state by viral transforming gene expression. Additionally, E7 may modulate the cellular response of basal epithelial cells to E5 expression [14] .
Although BPV plays a pivotal role in papillomas and carcinomas, it is noteworthy that BPV DNA is also found in normal bovine skin, indicating that the virus is present in a latent state in apparently healthy animals with no clinical sign of the disease [19] . It is possible that inflammatory cytokines produced as a consequence of the skin lesions may re-activate the latent virus whose gene expression may lead to papilloma development [35] . Moreover, circulating lymphocytes of cattle also harbour BPV DNA in episomal form [31] . This indicates that lymphocytes are another site of viral latency although the exact biological significance needs further investigation.
BRACKEN FERN AS A COFACTOR FOR CARCINOGENESIS
BPV is in balance with the host. It needs to overcome the host's immune response to replicate and produce infectious progeny. However, the host may be able to mount an effective immune response and thus eliminate the virus and the viral-infected cells. Occasionally, animals may not be able, especially if immunocompromised, to overcome the virus, and so the lesions persist and spread. Persistent PV-lesions are at high risk of progression to cancer.
The major environmental co-factor identified in BPV associated carcinogenesis is bracken fern.
Beyond its toxic effects, bracken fern is also recognised as the only plant known to naturally cause cancer in animals [126] . Cows affected by Bovine Enzootic Haematuria (BEH) frequently develop cancer of the urinary bladder, of both epithelial and mesenchymal origin, and of the alimentary tract.
Along with immunosuppressants and mutagens -such as quercetin, bracken fern also contains a carcinogenic norsesquiterpene glucoside: ptaquiloside. It possesses the structure of an illudane and is quite unstable in mildly acidic or basic conditions, decomposing into an illudane-dienone. Additionally, the ptaquiloside aglycone ptaquilosin is also very unstable and decomposes into the same dienone [3, 15] . The dienone has been shown to alkylate DNA via a reactive cyclopropyl ring to form a number of different DNA adducts at N3 of adenines, which can lead to point mutations. Bracken-fed calves harbour ptaquiloside induced DNA adducts as well as H-ras mutation in the adenine residue of codon 61 in the target organ, the ileum [107] . Moreover, the carcinogenicity of ptaquiloside has been experimentally shown in mice and rats in which tumours developed and DNA adducts and H-ras mutations were found [53, 120, 121] .
The flavonoid quercetin (3,3 ,4 ,5,7pentahydroxyflavone) is present at high concentrations in the fronds of the fern. Quercetin is mutagenic in both prokaryotic and eukaryotic cells, and is clastogenic, leading to single-strand DNA breaks [33, 106] and chromosomal rearrangements [77] . It promotes the full in vitro transformation of primary bovine cells infected with BPV-4 DNA [26, 99] and upregulates viral DNA transcription via a cis-acting element in the viral transcriptional promoter [42] . Moreover, bracken eating cattle with BEH and/or suffering from bladder cancer develop chromosomal abnormalities [67, 80, 88, 101, 129] due to a clastogenic activity of compounds from fern. Metabolites from ptaquiloside and quercetin along with other chemicals from bracken are also found in the blood, urine and milk of cows naturally exposed to bracken and suffering from bladder cancer [15, 80] . Exposure to ptaquiloside indirectly through milk from bracken-grazing cows has a big impact on human health, since it has been correlated with human oesophageal and gastric cancer [3, 122, 139] . In different parts of the world the human consumption of bracken has been linked to GI cancer [2, 3, 82] . HPV-16 DNA has been found in high percentage in oesophageal cancer particularly in developing countries where the consumption of bracken or milk from bracken fed cows is high [79, 84] . A large body of evidence suggests that some human GI cancer may have the same etiology as in cattle opening the possibility that similar etiopathogenetic mechanisms may even occur in humans.
BPV-4 AND GASTROINTESTINAL TUMOURS
In cattle, BPV-4 infects the mucosa of the upper GI tract leading to the formation of papillomas [27] . BPV-4 infection and associated tumours of the upper GI tract have been found in Brazil, the Nasampolai Valley of Kenya, the Western Highlands of Scotland and in southern Italy [18, 66] .
Healthy cattle normally recover from papillomatosis in approximately one year's time through a cell-mediated immune response. The characterisation of regression has been studied in biopsies of BPV-4 induced papillomas where, during regression, a great number of activated lymphocytes accumulate in the derma underlying the papilloma [74] . CD4 + lymphocytes are the predominant subtype, with only few CD8 + and (WC1 + ) lymphocytes. CD4 + lymphocytes are recruited into regressing papillomas and, although all three lymphocyte subsets can penetrate the papilloma, only the CD8 + and (WC1 + ) lymphocytes are able to penetrate the fronds and the basal layer [74] . The lymphocytes do not proliferate at the site of the regressing papillomas and the contribution of the individual lymphocyte subtypes to regression remains to be established. If the animals are unable to overcome the infection, they may even die of widespread papillomatosis. In this regard, it has been recently shown that in naturally occurring papillomas the E5 viral oncoprotein downregulates MHC-I, thus allowing the virus to evade host immunosurveillance and persist in the infected epithelia [7] .
Chronic exposure to immunosuppressants leads to the persistence and spreading of the papillomas. Commonly, immunosuppression in cattle results from exposure to bracken fern [126] but may even be due to some other factors such as infection with bovine viral diarrhoea virus [137] .
Animals with extensive papillomatosis are at high risk to develop cancer, such as squamous cell carcinoma. Latent BPV is activated and full malignant transformation depends on other mutagens such as quercetin and ptaquiloside, which act synergistically with the virus in the carcinogenic process, triggering BPV gene expression and leading to the development of cancer. Two oncogenes may play a role in this event: Ha-ras which has been found activated [28] and a mutated p53. It is possible that both p53 and H-ras may represent targets for carcinogens from bracken (Fig. 3) .
Insights into the molecular mechanisms underlying carcinogenesis of the upper GI have been provided by several studies in vitro using bovine palate primary cells (PalF). These cells need an activated H-ras gene for transformation [65] and a mutated p53 to undergo neoplastic transformation [118] . Once PalF cells are transfected with BPV-4 and H-ras, treatment with quercetin alone leads to oncogenic transformation [99] . In this system, quercetin confers anchorage-independence, immortalisation and tumourigenicity, so that the only BPV-4 oncogene required for full transformation is E7 [26] . A cis-acting element responding to quercetin has been mapped in the BPV-4 LCR [42] whose activation leads to E7 oncoprotein expression. This likely induces the transformed cells to bypass the quercetin-induced G1 cell cycle arrest and to proliferate [13] .
These transforming events are due to the synergism between bracken fern mutagens (quercetin and ptaquiloside) and BPV-4, but still remain to be established in vivo.
BPV-1/2 AND URINARY BLADDER TUMOURS
In cattle, tumours of the urinary bladder are commonly associated with BEH, with a prevalence as high as 90% in adult animals [97] . Field cases of urinary bladder cancer in cattle occur wherever bracken fern is spread. The disease is known to occur in continental Europe, the Azores Islands, in some regions of Kenya, Brasil, New Zealand, India and in China.
It was first suggested in the 1960s that a Papillomavirus could be associated with bladder cancer in cattle [96] . Since then a.
b.
d.
c. Campo et al. (1992) established, in a milestone work, a strong relationship between BPV-2 and bracken fern in bovine bladder carcinogenesis [29] . In this long experimental study, cows fed bracken developed urinary bladder cancers of both epithelial and vascular origin (haemangiomas and haemangiosarcomas) mostly occurring together in the same bladder. BPV-2 DNA was found in 69% of experimentally induced tumours and in 46% of naturally occurring ones. This outstanding experiment clearly demonstrates the close relationship between BPV and urinary bladder neoplasia, and that the virus can be activated once the animals are exposed to bracken co-carcinogens and immunosuppressants. Since then, experiments on naturally occurring bladder neoplasia remained scanty until Borzacchiello et al., [19] showed BPV-2 DNA positivity in about 77% of bladder cancer and 50% of normal mucosal samples of healthy cattle in a large population from southern Italy (Fig. 4) . Moreover, it was also demonstrated that the virus does play a role in the neoplastic process since its major transforming protein E5 is expressed only in cancer samples but not in normal ones. The analysis of naturally occurring cases of carcinomas from other countries (e.g. Romania) yielded similar findings, showing that BPV-2 DNA presence is not incidental and that the virus is widely spread in continental Europe [10] . BPV-2 E5 interacts with the PDGF receptor in both epithelial and vascular tumours of the urinary bladder, suggesting a possible role of the virus even in mesenchymal carcinogenesis [21, 22] .
Although the synergism between the virus and bracken is still poorly understood, this large body of evidence suggests that BPV-2 likely infects the bladder mucosa, producing an abortive latent infection, since no structural proteins nor virions have been found in the urinary bladder mucosa [19, 29] . The exposure to immunosuppressants, mutagenic and carcinogenic principles from bracken triggers viral gene expression, leading to cell transformation and initiating the progression to malignancy [33] . Pathological events taking place in BPV-2 associated urothelial cancers are the upregulation of the telomerase activity which may correlate with the reported ability of Papillomavirus to affect such upregulation [19] . Additionally, the H-ras oncogene is overexpressed (personal observations) and a silent mutation (D38D) was detected in a mixed bladder tumour [113] . The mutated site did not correspond to those on codons 12, 59 and 61, described by Prakash et al., (1996) [107] indicating that different mechanisms may act on this oncogene. The H-ras overexpression supports the role of both BPV and bracken in the etiopathogenesis of bladder neoplasia, since this oncogene is found activated in bracken fed cows suffering from alimentary cancers as well as in in vitro artificial systems.
In BPV infected bladder cancers both the cyclooxygenase -1 and -2 isoforms are overexpressed [17] . This maybe related to the ability of H-ras to upregulate the expression of the cyclooxygenase -2 as already shown in transformed cancer cells [55, 123] . However, the overactivation of arachidonic acid metabolism may also be related to BPV-1 E5 whose transforming ability has also been linked to the activation of this metabolic pathway in monkey and human cell lines [138] .
Finally, as already observed in HPV associated cervical cancer, the fragile sites are disrupted and the expression of the tumour suppressor fragile histidine tetrads (FHIT) is down-regulated [16] (Fig. 5 ). Transitional epithelial tumours in cows suffering from BEH do not metastatise frequently. Recent investigations support the hypothesis that, on the contrary to the high metastatising potential of human transitional tumours, the content of sialic acid and gangliosides of bovine bladder cancer may contribute to this different biological behaviour [111] .
BPV-2 DNA has also been found in the bloodstream of cows suffering from BEH and bladder cancer, suggesting that peripheral blood cells may act as a reservoir for the latent virus and open the possibility of an antemortem diagnosis of the disease [personal observations ; 140] .
The different histological features of the urinary bladder lesions associated with BEH have been extensively studied by different research groups [20, 37, 98] . The cancer is of both epithelial and mesenchymal origin (mostly haemangioma and its malignant counterpart) with multiple tumours developing in the same bladder. Non-neoplastic lesions are often associated with neoplasia and should be also taken into account for a histological diagnosis. Due to a lack standardised veterinary classification, non neoplastic lesions are presently grouped in various ways by different veterinary pathologists. The most frequent non neoplastic epithelial abnormalities observed by different research groups are the following: hyperplasia, von Brunn's nests, cystitis cystica, glandular metaplasia (cystitis glandularis and intestinal metaplasia), squamous metaplasia, and nephrogenic adenoma [98; personal observations]. Epithelial neoplasms are more common than mesenchymal ones and mostly malignant. Features of inverted papillomas, i.e. a benign tumour with an inverted growth pattern, and of papillary neoplasms of apparently low malignant potential have also been described. Different histological variants or patterns of transitional cell carcinomas have been identified: pagetoid, micropapillary, nested, mycrocystic and lipid cell variant; trabecular carcinoma with Paneth cell differentiation; mesonephroid adenocarcinoma, 'signet ring' cell carcinoma, plasmocytoid and chromophobe cell carcinoma [16, 20, 37, 98] . Mesenchymal tumours are also very frequent and, in addition to haemangiomas and haemangiosarcomas, fibromas and myxomas are often encountered. A rare case of multiple glomic tumours of the urinary bladder has also been described [112] .
Epithelial tumours exhibit altered uroplakins (urothelium-specific and differentiation-dependent proteins) expression due to the lost ability of urothelium to terminally differentiate, uroplakins may therefore be used as a sensitive marker for bovine urothelial tumours [4, 110] .
IMMUNITY AND VACCINES
The immune response of cattle against BPV is very poor. This may be in part due to the fact that the life cycle of the virus is confined to the epithelia, which could also be the underlying cause of the persistent infection [36] . Additionally, viruses have also developed mechanisms whereby they Figure 5 . Schematic representation of the events leading to urinary bladder cancer in cattle grazing bracken fern. The BPV-2 infects the bladder mucosa. Chemicals from bracken fern synergise with the virus triggering viral oncogene (E5, E7) expression. The binding of E5 to the activated form of the platelet-derived growth factor receptor (PDGF r), the overexpression of the cyclooxygenase-2 (COX-2), c-H-ras and the telomerase as well as the down-regulation of the Fragile Histidine Tetrads are cellular events taking place in the BPV-2 associated urinary bladder cancer investigated so far. escape immunosurveillance. Vaccines have been developed against BPV-2 and BPV-4. In a first attempt to vaccinate calves, viral particles were inoculated. The vaccination prevented infection from challenge virus, and protection was paralleled by the production of virus-neutralising antibodies [68] . Immunity was type-specific with calves protected from infection with the BPV type of the vaccine, not from other types [69] .
BPV-2 L1 vaccines induce production of virus neutralising antibodies and prevent infection [70] . A similar effect was obtained with BPV-1 L1 which protected calves against BPV-1 challenge after vaccination [105] . Importantly, only the sera from animals inoculated/immunised with intact virions were capable of neutralising BPV-1 infectivity of murine C127 cells [71] .
BPV-2 L2 vaccines induce regression of warts in which large infiltration of lymphocytes and macrophages are seen. Antibodies against the antigen are produced but are not neutralising [34] .
Vaccination of cattle with BPV-4 L2 induces long-lasting immunity (more than a year), protecting animals from challenges by BPV-4 [30, 32] . Immunity is conferred by the N-terminus of L2 and the cows develop serum neutralising antibodies against this portion of the protein. The neutralising activity can be abrogated by absorbing the immune sera with L2 or L2a [39, 54] . Virus neutralisation by anti-L2 antibodies prevents viral DNA replication, but not virus entry into the cell since viral DNA is detected at the virus injection site; the mechanisms underlying viral neutralisation are still unknown [124] . Similar results were achieved with the L1 portion of BPV-1 although in this case the production of neutralising antibodies was doubtful. The neutralising epitopes of the Bovine papillomavirus L2 minor capsid protein were mapped to the N-terminal half of L2 by blocking the neutralising activity of fulllength L2 antiserum with bacterially expressed peptides of L2 [109] .
Expression of L1 and L2, or L1 alone, in eukaryotic cells results in the self-assembly of the proteins into virus-like particles (VLP) which are structurally and antigenically similar to their virion counterparts [72] . L1-VLP and L1-L2 VLP are highly immunogenic, conferring protection from challenge with BPV-4 [34] . Prevention of BPV-4 infection by vaccination with L1-VLP shows that L1 by itself encodes neutralising antibodies. Vaccination with BPV-4 L1 and L2 or only L1-VLP efficiently prevents the development of experimentally induced papillomas, whereas its effect as a therapeutic mean against an established papillomas is equivocal [73] .
Vaccination of cattle with E7 reduces the growth of papillomas inducing their regression which is accompanied by a strong cellular immune response [30] . Although vaccinated calves are not protected from infection, they produce anti-E7 antibodies and generate E7specific activated T-cells [38] . T-lymphocytes from vaccinated animals show an increased proliferation activity in the presence of E7, whereas T-lymphocytes from controls show a rather feeble response [86] .
CONCLUSIONS
BPV has always been considered as a model to investigate HPV. It is useful to understand the oncogenic potential of the virus, the relationship between virus and co-factors, and the development of anti-viral vaccines. Recent insights into the mechanisms of BPV proteins such as E5, E7 and E2 and recent discoveries about the association of BPV with mesenchymal tumours demonstrate that BPV can still open new fields of speculation and add new perspectives about PV biology. In addition, the bovine model should also provide an excellent experimental approach to further identify cellular mechanisms involved in the control of PV infection and carcinogenesis.
Finally, the work done in the BPV system paves the way to elucidating the immunological mechanisms controlling viral infection.
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